One contribution of 23 to a theme issue 'Salt in freshwaters: causes, ecological consequences and future prospects'. Recent discoveries have documented evolutionary responses to freshwater salinization. We investigated if evolutionary responses to salinization exhibit life-history trade-offs or if they can mitigate ecological impacts such as cascading effects through mechanisms of tolerance and cross-tolerance. We conducted an outdoor mesocosm experiment using populations of Daphnia pulex-a ubiquitous algal grazer-that were either naive or had previously experienced selection to become more tolerant to sodium chloride (NaCl). During the initial phase of population growth, we discovered that evolved tolerance comes at the cost of slower population growth in the absence of salt. We found evolved Daphnia populations maintained a tolerance to NaCl approximately 30 generations after the initial discovery. Evolved tolerance to NaCl also conferred cross-tolerance to a high concentration of CaCl 2 (3559 mS cm
Introduction
Salinization of freshwater ecosystems worldwide threatens ecological diversity, community structure and ecosystem services [1] [2] [3] [4] [5] . Salinization occurs from many sources, including agriculture, resource mining, climate warming and the application of deicing salts [6, 7] . Every type of freshwater ecosystem has been affected by salinization, from small streams to large rivers and small wetlands to large lakes [3, 6, [8] [9] [10] . Since most freshwater organisms do not have a recent evolutionary history with high salinity, it is critically important to identify the ecological and evolutionary impacts of freshwater salinization.
Scientific attention on salinization resulting from the application of roaddeicing salts has increased exponentially from the 1970s to the present. This has occurred because road salt concentrations in freshwater systems can be quite severe. For instance, the chloride (Cl 2 ) concentration in stream ecosystems can reach 25% of the concentration of seawater [11] . A recent study estimated that in the next 50 years 27% of temperate lake ecosystems in the United States may exceed the 230 mg Cl 2 l 21 threshold to protect freshwater biota established by the United States Environmental Protection Agency, owing primarily to the use of road salts [12] . Such instances of elevated salinity occur in freshwater systems because of the use of inorganic deicing salts. The most widely used salt is & 2018 The Author(s) Published by the Royal Society. All rights reserved.
sodium chloride (NaCl, 'rock salt'), but others such as calcium chloride (CaCl 2 ) and magnesium chloride (MgCl 2 ) are becoming more common in road deicing operations [13] . Road salt salinization has negative ecological impacts. Recent studies show that road salts can substantially reduce the abundance of zooplankton grazers [14] [15] [16] and interact with natural stressors like predation [17, 18] . Such direct and synergistic effects trigger cascading effects leading to phytoplankton blooms [18, 19] . Road salts can also reduce the abundance or growth of multiple freshwater vertebrates such as amphibians and fish [20] [21] [22] . Over time, these effects can generate communities comprised of salt-tolerant species [23 -26] . Moreover, salinization alters ecosystem functions, such as decomposition and nutrient cycling [27] [28] [29] . While road salts can dramatically change the ecology of freshwater ecosystems, less known are the evolutionary impacts in fresh waters.
In a few cases, researchers have discovered that freshwater organisms can exhibit evolutionary responses to road salt. For example, roadside populations of amphibians can be locally adapted to high salinity resulting from road salt applications [30, 31] . Recently, researchers demonstrated the experimental evolution of a ubiquitous species of zooplankton (Daphnia pulex), resulting in higher NaCl tolerance after multi-generational exposure to NaCl [32] . This was an important discovery because Daphnia are a critical component of freshwater food webs, responsible for transferring energy from primary producers to higher trophic levels [33] . Given this evolved tolerance in populations, key questions are whether the NaCl-evolved tolerance: (i) comes with tradeoffs that affect Daphnia population growth in the absence of NaCl, (ii) buffers Daphnia from subsequent NaCl exposures and varies in magnitude depending on past exposures to different NaCl concentrations, (iii) provides Daphnia with cross-tolerance to other salts and varies in magnitude depending on past exposures to different NaCl concentrations and (iv) mitigates salt-induced cascades leading to phytoplankton blooms. Given that high concentrations of NaCl can decimate zooplankton populations and indirectly cause phytoplankton blooms, the evolution of salt tolerance poses the possibility of mitigating these salt-induced cascades. We addressed these questions using one naive population and two NaCl-evolved populations of Daphnia in an outdoor mesocosm experiment. Two Daphnia populations used in our study evolved a tolerance to NaCl road salt in a prior mesocosm experiment [18] and we confirmed this increased tolerance in a follow-up experiment [32] . We maintained Daphnia from the original experiment [18] 
Methods
Our experiment at the Rensselaer Aquatic Laboratory (Troy, New York, USA) was a completely randomized factorial design that crossed three populations of Daphnia pulex with the three road salt types (NaCl, MgCl 2 and CaCl 2 ) that were each added at moderate and high concentrations and included a no-salt control for each population ( figure 1 and table 1 ). Concentrations were chosen based on published literature values on the relative toxicity of the three salts to zooplankton. Of the three salts, MgCl 2 appears to be the most toxic to zooplankton, followed by NaCl then CaCl 2 [34 -36] , but some tests suggest that NaCl is less toxic than CaCl 2 [37] . Our goal was to include one concentration that was sublethal and another that approached a lethal level. The Daphnia population types were a naive population with no prior exposure to elevated NaCl concentrations and the two other Daphnia populations that evolved tolerance to 833 mS cm 21 [18, 32] . The 21 treatment combinations were replicated four times for a total of 84 experimental mesocosms. Each mesocosm was also populated with two snail species (Physella acuta and Helisoma trivolvus) and one species of amphipod (Hyalella sp.). These species co-occur naturally with D. pulex and they consume periphyton, thereby maintaining a more natural ecological community. Please see the electronic supplementary material for further methods and results for periphyton and macroconsumers.
The 84 experimental tanks (58.4 cm Â 49.5 cm Rubbermaid BRUTE TM trash cans) were filled with 65 l of aged tap water on 17 May 2016. On 20 May, we added 20 g of mostly oak leaf litter (Quercus spp.) and 1.5 g of rabbit chow to each mesocosm to serve as basal nutrient sources. On 23 May, we added a 450 ml aliquot of phytoplankton from Lake George, New York (USA). The aliquot was filtered four times through a 53 mm sieve and treated with carbonated water to ensure no additional zooplankton were introduced to the experimental tanks with the phytoplankton aliquots. Examination of the aliquot revealed no zooplankton. On 10 June, we added 30 Daphnia from the three evolved populations to their respective mesocosms. We added the three road salts to the mesocosms on 14 June, which was day 1 of the experiment. We conducted the experiment for 60 days. Additional details on water quality parameters for the water sources used in the experiment and culturing can be found in the electronic supplementary material.
We measured abiotic conditions multiple times throughout the experiment to examine whether abiotic conditions remained similar among treatments. We sampled abiotic conditions six times during the experiment (28 June; 6, 12 and 27 July; 4 and 12 August). We used a calibrated YSI ProPlus multiparameter instrument to measure temperature (8C), dissolved oxygen (mg O 2 l
21
), conductivity (mS cm
) and pH (YSI, Yellow Springs, Ohio, USA). Summary tables of the mean, standard deviation and variance for temperature, dissolved oxygen and pH are presented in the electronic supplementary material, tables S1-S3.
We sampled Daphnia and phytoplankton abundance on 5 July (day 21), 28 July (day 44) and 12 August (day 60). For zooplankton, we collected two 450 ml samples from the west side and centre of each mesocosm from the benthos to the water surface. The pooled 900 ml sample was filtered through 64 mm Nitex screening and Daphnia were preserved in Lugol's solution for later enumeration. We estimated phytoplankton biomass by filtering 700 ml of water collected from the centre of each mesocosm at 50% of the depth through glass microfibre filters (1.2 mm pore size; Whatman). The glass microfibre filters were frozen after filtration until fluorometry with acid correction chlorophyll a analysis [38] , which was done within two weeks of freezing.
(a) Statistical analyses
We used analysis of variance (ANOVA) within each sampling date to determine the effects of population type, salt type and concentration and their interactions on Daphnia and phytoplankton abundance. If we found interactive or main effects in the ANOVAs, we examined pairwise comparisons with a HolmSidak multiple comparisons procedure. As noted above, we had specific hypotheses and therefore conducted an a priori subset of all possible mean comparisons. To determine if NaClevolved tolerance comes at the cost of reduced Daphnia population growth, we compared the abundance of the three Daphnia populations in the absence of any salt using a one-way ANOVA.
To determine if NaCl-evolved tolerance buffers Daphnia from subsequent NaCl exposures and whether this tolerance varies in magnitude depending on past exposures to different NaCl concentrations, we conducted a two-way ANOVA using the no-salt and elevated NaCl treatments. In this analysis, evidence of increased tolerance would be (a) the presence of a populationby-salt interaction and (b) larger proportional declines in the abundance of the naive population than in the evolved population when comparing the no-salt and elevated NaCl environments.
To determine if NaCl-evolved tolerance provides Daphnia with cross-tolerance to other salts and if the cross-tolerance varies in magnitude depending on past exposures to different NaCl concentrations, we conducted a two-way ANOVA using the no-salt and either the elevated CaCl 2 or MgCl 2 concentrations. Similar to the analysis of tolerance, evidence of cross-tolerance would be (a) the presence of a population-by-salt interaction and (b) larger proportional declines in the abundance of the naive population than in the evolved population when comparing the no-salt and elevated salt environments.
To determine if NaCl-evolved tolerance and cross-tolerance mitigate cascading effects in the presence of each salt, we conducted three, two-way ANOVAs; each ANOVA used the no-salt control and the two concentrations of a given salt. We then used mean comparisons to determine whether naive Daphnia populations that experienced a decline in abundance owing to salt exposure caused an indirect positive effect on phytoplankton (i.e. a salt-induced cascade). Given a cascading effect with naive Daphnia populations, evidence for its mitigation with NaCl-evolved Daphnia populations would be (a) a significant population-by-salt interaction and (b) larger proportional increases in phytoplankton when the naive Daphnia population was exposed to elevated salt environments compared to the evolved populations that were exposed to the elevated salt environments.
There was intense variability in the responses of Daphnia and phytoplankton abundance throughout the experiment. However, the differences between sample means among many of the group comparisons was high. Given the signal to noise ratio in our data and in accordance with use the binary decision rule where p 0.05 was deemed statistically and hence ecologically significant. However, we did limit our designation of statistical significance. We evaluated statistical significance when p , 0.10 and we report exact p-values and the associated effect sizes (i.e. differences between sampled means). Additional details of the statistical analyses can be found in the electronic supplementary material.
Results (a) Tolerance trade-offs in Daphnia abundance
On day 21, we found an effect of population type on the abundance of Daphnia in the absence of added salt (i.e. the control; F 2,9 ¼ 4.2, p ¼ 0.052). Compared to the naive population, Daphnia abundance was 65% and 67% lower in populations P1 (t ¼ 2.6, p ¼ 0.089) and P2 (t ¼ 2.6, p ¼ 0.074), respectively. On days 44 and 60, we found no effect of NaCl tolerance on Daphnia abundance (F 2,9 1.9, p ! 0.202).
(b) Tolerance to subsequent exposures of NaCl
To test for evidence of evolved tolerance in Daphnia populations that were re-exposed to NaCl, we examined whether there was a population-by-salt interaction and whether the naive population showed a larger proportional decline in abundance compared to P1 and P2. On day 21, we found a population-by-salt interaction (F 4,27 ¼ 3.8, p ¼ 0.014; figure 2 ). For the naive population, compared to the low-salt control, Daphnia abundance declined by 84% in the moderate salt concentration (t ¼ 4.8, p , 0.001) and 98% in the high concentration (t ¼ 7.0, p , 0.001). For Daphnia P1, compared to the low-salt control, abundance declined by 78% in the moderate salt concentration (t ¼ 2.5, p ¼ 0.041) and 93% in the high concentration (t ¼ 3.4, p ¼ 0.007). For Daphnia P2, compared to the low-salt control, there was no decline in the moderate concentration (t ¼ 0.9, p ¼ 0.365) while abundance declined by 78% in the high concentration (t ¼ 2.5, p ¼ 0.062). In short, there was evidence of tolerance in the moderate NaCl concentrations for P2. However, the highest NaCl concentration caused near complete death across all populations, which overwhelmed any amounts of evolved tolerance.
As the experiment progressed, we no longer observed differences in abundance among Daphnia populations. We only found a main effect of NaCl concentration on Daphnia abundance on days 44 (F 2,26 ¼ 13.0, p , 0.001) and 60 (F 2,26 ¼ 24.0, p , 0.001). On these days, Daphnia abundance in the high concentration was only about 1% of that in the moderate and control concentrations (t ! 3.0, p 0.011).
(c) Cross-tolerance to CaCl 2 
and MgCl 2 (i) Responses to CaCl 2
To test for evidence of evolved cross-tolerance in Daphnia populations that were exposed to CaCl 2 or MgCl 2 , we examined whether there was a population-by-salt interaction and whether the naive population showed a larger proportional decline in abundance compared to P1 and P2. For CaCl 2 on 
and 98% in the high concentration (t ¼ 4.9, p , 0.001). For P1 and P2, we found no differences in abundance between the control and elevated CaCl 2 concentrations (t 1.6, p ! 0.342). Thus, P1 and P2 exhibited cross-tolerance to moderate and high concentrations of CaCl 2 .
On day 44, we only found a main effect of concentration on Daphnia abundance (F 2 On day 44, we found a population-by-salt interaction (F 4,27 ¼ 5.8, p ¼ 0.002). For the naive population, Daphnia abundance declined by 100% the moderate and high MgCl 2 concentrations compared to the control concentration (t ! 3.7, p 0.002). For Daphnia P1, compared to the control, there was no effect of the moderate concentration (t ¼ 0.9, p ¼ 0.353), but abundance declined by 100% in the high concentration (t ¼ 4.6, p , 0.001). For Daphnia P2, compared to the control, abundance was 2.3 times higher in the moderate concentration (t ¼ 2.1, p , 0.041). For Daphnia P2, abundance declined by 100% in the high concentration compared to control and moderate concentrations (t ! 2.8, p 0.020). Thus, P1 and P2 exhibited cross-tolerance to moderate concentrations of MgCl 2 on day 44, but the highest MgCl 2 concentration caused complete death across all populations, which overwhelmed any amounts of evolved tolerance.
On day 60, we also found a population-by-salt interaction (F 4,27 ¼ 3.5, p ¼ 0.021). For the naive population, abundance was reduced by 99% in both the moderate and high concentrations of MgCl 2 (t ! 2.7, p 0.028). For Daphnia P1, compared to the control, there was a 66% decline in abundance in the moderate concentration (t ¼ 2.0, p ¼ 0.060) and a 99% decline in the high concentration (t ¼ 2.8, p ¼ 0.021). For Daphnia P2, compared to the control, there was no reduction in abundance in the moderate concentration (t ¼ 1.0, p ¼ 0.336), but abundance declined by 99% in the high concentration compared with the control and moderate concentrations (t ! 3.6, p 0.003). Thus, P2 exhibited crosstolerance to moderate concentrations of MgCl 2 on day 60, but the highest MgCl 2 caused complete death across all populations, which overwhelmed any amounts of evolved tolerance.
(d) The mitigation of salt-induced cascades by evolved Daphnia (i) Responses to NaCl
To test for the mitigation of cascades owing to evolved tolerance and cross-tolerance, we examined whether the naive populations caused a larger proportional increase in phytoplankton abundance compared to P1 and P2. For NaCl on day 21, we found no main effects of Daphnia population, salt concentration, or their interaction on phytoplankton abundance (F 2 -4,27 1.4, p ! 0.260).
On day 44, we only detected a main effect of salt concentration on phytoplankton abundance (F 2,27 ¼ 7.3, p ¼ 0.003). Compared to the low-salt control, there was no increase in the moderate NaCl concentration (t ¼ 0.1, p ¼ 0.892), but there was a 76% increase in the high NaCl concentration (t ¼ 3.3, p ¼ 0.006).
On day 60, we only found a main effect of salt concentration on phytoplankton abundance (GLM: t ¼ 2.0, p ¼ 0.053). Compared to the no-salt control, phytoplankton was not different in the moderate concentration (t ¼ 0.2, p ¼ 0.850), but 99% more abundant in the high concentration (t ¼ 3.9, p ¼ 0.001). In short, we found evidence for NaClinduced cascades, but we did not find evidence that Daphnia P1 and P2 mitigated these cascades.
(ii) Responses to CaCl 2
For CaCl 2 on days 21 and 44, we found no main effects or a population-by-salt interaction on phytoplankton abundance (F 2 -4,27 1.6, p ! 0.213). On day 60, however, we found an interaction (figure 3; F 4,27 ¼ 3.0, p ¼ 0.037). For the naive Daphnia population, compared to the low-salt control, phytoplankton abundance was not different in the moderate concentration (t ¼ 0.3, p ¼ 0.789), but was 2.2 times higher in the high concentration (t ¼ 2.6, p ¼ 0.044). For P1 and P2, there were no differences in phytoplankton abundance across the CaCl 2 concentrations (t 1.4, p ! 0.407). Thus, CaCl 2 caused a cascade in the naive Daphnia population. However, this impact appeared to be reduced by Daphnia left over from P1 and P2 at high concentrations by the end of the experiment (day 60).
(iii) Responses to MgCl 2
For MgCl 2 on days 21 and 44, we detected no main effects or a population-by-salt interaction on the abundance of phytoplankton (F 2 -4,27 1.6, p ! 0.218). On day 60, however, we found a population-by-salt interaction (F 4,26 ¼ 4.7, p ¼ 0.005). For the naive Daphnia population, compared to the low-salt control, phytoplankton abundance was 2.5 times higher in the moderate MgCl 2 concentration (t ¼ 2.8, p ¼ 0.018) but was not different in the high concentration (t ¼ 0.3, p ¼ 0.776). For P1 and P2, there were no differences in phytoplankton abundance compared to the control (t 1.8, p ! 0.221). Thus, MgCl 2 caused a cascade when the naive Daphnia population was present, but this was mitigated by the cross-tolerance of P1 and P2 by day 60 in the moderate concentration.
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On day 60, Daphnia grazers were absent in the high concentrations of MgCl 2 and NaCl. Yet, phytoplankton abundance appeared to vary substantially among the three population types. However, we focused an analysis using a one-way ANOVA on day 60 for the high concentrations of MgCl 2 and NaCl and we found no main effects or interactions (F 2,9 2.1, p ! 0.181) or pairwise differences (t 1.9, p ! 0.225) between population types. Thus, even marginally significant differences were not detected in phytoplankton abundance between the populations on day 60.
Discussion
Freshwater organisms exhibit evolutionary responses to multiple contaminants [40] [41] [42] [43] . In the case of freshwater salinization, evolutionary responses have recently been discovered [30, 31, 44] . Because salinization can alter the structure and function of freshwater ecosystems [2, 3, 46] , it is essential to understand the ecological implications of evolved responses. Our study shows how evolutionary responses to salinization by a ubiquitous freshwater organism-critically important in freshwater food webs-to one salt type confers cross-tolerance to other salt types and can mitigate salt-induced cascades. These discoveries were dependent on salt type, concentration, and were highly variable through time. Further, the cross-tolerance we discovered also occurred at lower salinities compared to multiple studies of salinity tolerance in Daphnia [47, 48] . This suggests that evolutionary responses may occur at much lower salinities that are perhaps more relevant to those resulting from various sources of freshwater salinization.
Trade-offs are often associated with evolutionary responses to anthropogenic chemicals and contaminants [49 -51] . Such responses to freshwater salinization can be either adaptive or maladaptive [30, 31] . We discovered that an evolved tolerance to NaCl road salt by Daphnia comes at the cost of slower population growth during the early phases of population growth. During the first 21 days of the experiment, there were nearly three times more Daphnia in the naive population compared to the two NaCl-tolerant populations in control conditions. Although impossible to track in our semi-natural mesocosm experiment, slower population growth could have resulted from reduced brood size or number, reduced offspring survival, or increased time to reproduction owing to the costs of maintaining an evolved tolerance. Freshwater contaminants including salinity can alter life-history characteristics of Daphnia after multi-generational exposure [52 -55] . If, at the population level, reductions in life-history traits became constitutive in our NaCl-evolved populations, this would explain why we observed slower population growth. Another possibility could be a metabolic cost of maintaining evolved tolerance that decreases energy allocation to reproduction and growth [56] . The abundances of P1 and P2 compared to the naive population at the end of the experiment may indicate that slow initial population growth associated with evolved tolerance is not reflected in overall population size through time or after carrying capacity is reached. The much higher abundances of Daphnia among the populations at the end of the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 374: 20180012 experiment likely indicate that juveniles were no longer competitively suppressed by adults in our mesocosms [57] . While we cannot identify which life-history characteristic contributed to slower growth in the two populations with evolved tolerance during the early stages of population growth, this could certainly be the focus of future research. We found that an evolved tolerance to NaCl can buffer Daphnia from subsequent NaCl exposures. Evidence for this buffering capacity emerged during the early stages of the experiment. These results suggest that the evolved tolerance was conserved for a year (approx. 30 generations) after it evolved in a prior experiment [32] . A corollary to being buffered from subsequent NaCl exposures is the magnitude of past NaCl exposure. Our results indicate that selection under high NaCl concentrations is needed to buffer Daphnia from subsequent NaCl exposures. Daphnia from P2 were not reduced in moderate NaCl concentrations like the naive and P1 populations. For P1, it is unlikely that culturing in low-salt water over multiple generations prior to the present experiment selected against the original evolved tolerance. This is supported by our discovery of cross-tolerance by P1 to another salt type (discussed below). Ultimately, we do not know if factors like epigenetic change or, although unlikely, a mutation from genetic reversion occurred in the Daphnia genome for P1 [58, 59] . Further work on the genetic dynamics of evolved road salt tolerance is necessary to elucidate such mechanisms.
We found that evolved responses to NaCl, one of the most common salts contributing to freshwater salinization, can confer cross-tolerance to another common salt, MgCl 2 . The variable responses of Daphnia from both evolved populations to MgCl 2 showed the most consistent patterns of cross-tolerance, which was evident towards the end of the experiment. This indicates that cross-tolerance to MgCl 2 may take multiple generations to appear, perhaps owing to suppressed life-history traits that take time to generate patterns in population abundance [16] . Prior selection history (i.e. P1 versus P2) did not seem to matter regarding crosstolerance to MgCl 2 but did matter regarding persistence of the cross-tolerance. By our operational definition, we did not find evidence of cross-tolerance to MgCl 2 in P1 at the end of the experiment, which may have occurred in part because of the high abundance of P1 in the control. It could also signal a limitation of cross-tolerance in populations with historical exposure to lower salt concentrations. Furthermore, cross-tolerance to MgCl 2 occurred at moderate concentrations, which were low compared to the moderate concentrations of NaCl and CaCl 2 . High concentrations of MgCl 2 , again relatively low compared to the high NaCl and CaCl 2 concentrations, were lethal to all Daphnia populations regardless of tolerance level. This highlights that the ecological implications of cross-tolerance are specific to salt type and concentration. An evolved response to one salt type at any given concentration does not necessarily confer cross-tolerance to another salt type at a similar concentration.
In the moderate MgCl 2 concentration, the naive Daphnia population crashed after 44 days but was higher on day 21 than the initial stocked densities, a pattern that may reveal a potential mechanism of cross-tolerance. That is, the naive adults in the moderate MgCl 2 concentrations likely released offspring that were already developed in the brood pouch prior to their introduction to the mesocosms. The instars survived to the adult phase because the abundance of the naive population in the 900 ml samples on day 21 was higher on average than the stocked Daphnia density. Neither the naive parental generation nor the F1 generation survived until day 44 because no Daphnia were found. This crash that occurred by day 44 in the naive population suggests that (i) offspring produced by the parental and the F1 generations did not survive or (ii) that no offspring were produced by the parental and F1 generations. The latter explanation is supported by our data because there were more Daphnia on day 21 in the naive population than were originally stocked into the experiment-indicating survival of the F1 generation after they were released. Thus, a potential mechanism of cross-tolerance is that the tolerant populations were still able to reproduce successfully (via cyclical parthenogenesis) in moderate MgCl 2 concentrations but moderate MgCl 2 concentrations inhibited reproduction in the naive population, perhaps owing to salinity stress [17] .
Cross-tolerance to CaCl 2 was only evident at the beginning of our experiment. Prior selection history did not matter regarding cross-tolerance to CaCl 2 , as both evolved Daphnia populations maintained a similar abundance from control to high CaCl 2 concentrations. It does not appear that the concentrations of CaCl 2 used in our experiment limited cross-tolerance in Daphnia, which occurred with high MgCl 2 concentrations. However, the lack of a stronger signal of cross-tolerance on days 44 and 60 suggests that the high CaCl 2 concentration used in our experiment may eventually overwhelm cross-tolerance. Further, the high CaCl 2 concentration was much higher than the high MgCl 2 concentration, which indicates that MgCl 2 is far more lethal to Daphnia than CaCl 2 . Ultimately, cross-tolerance to CaCl 2 and MgCl 2 may confirm a generalizable pattern of crosstolerance to contaminants occurring in freshwater systems as cross-tolerance has also been described among multiple pesticides [41, 60, 61] . In general, cross-tolerance to contaminants in freshwater ecosystems may be important for environmental conservation because it could provide resistance and stability in ecological communities [60, 62] .
While our operational definition of cross-tolerance was met, we must acknowledge that the possibility exists that tolerant Daphnia populations might be predisposed to evolving a tolerance to MgCl 2 . If this were the case, rather than the hypothesized mechanism of cross-tolerance, Daphnia in the moderate MgCl 2 concentration and high CaCl 2 concentration may have evolved a new tolerance to these salt types. Although this scenario seems unlikely given the short duration of this study and we cannot identify if this is the case from our data, it certainly merits further investigation.
Our study illustrates that all three road salt types trigger cascading effects that lead to phytoplankton blooms with naive Daphnia populations, which has previously been shown for NaCl [18, 19] . Moreover, despite the variable nature of the phytoplankton data, we found that crosstolerance can reduce cascading effects triggered by road salts. Cross-tolerance in the evolved populations prevented phytoplankton blooms that occurred in naive populations of Daphnia exposed to MgCl 2 and to an extent CaCl 2 . Similar studies using pesticides have shown that zooplankton with an evolved tolerance can also mitigate cascading effects that lead to phytoplankton blooms [61, 62] . Here, we demonstrate how evolved responses may affect the ecological outcomes among different salts contributing to freshwater salinization. Cross-tolerance to MgCl 2 conferred the most striking rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 374: 20180012 reduction in phytoplankton. Further, both evolved Daphnia populations reduced phytoplankton similarly, suggesting prior selection history did not alter the ability of Daphnia to mitigate a salt-induced cascade resulting from MgCl 2 contamination.
Based on our analyses, evolved tolerance to NaCl did not mitigate a NaCl-induced cascade. We found no interaction between Daphnia populations and NaCl concentration on phytoplankton abundance. However, it is worth noting that P2 Daphnia abundance in the moderate NaCl concentration was the same as in the control, which also occurred with the naive population. On day 60, phytoplankton abundance in P2 was 64% lower in the moderate concentration than in the low-salt control. In a parametric ANOVA, the interaction was significant (F 4,26 ¼ 4.7, p ¼ 0.005) and post hoc comparison for P2 between the control and moderate NaCl concentrations was significant (t ¼ 3.1, p ¼ 0.009). We ultimately did not use the parametric ANOVA model because no transformation met the assumption of constant variance. We therefore proceeded with GLM, which indicated that the interaction was not significant. In short, there appears to be a signal of mitigation in Daphnia P2, but we were unable to pick this up in our statistical model because of the high variability in phytoplankton in the naive and P1 populations. Nevertheless, the mitigating effect of cascades seems probable for the P2 Daphnia, but further study is needed to confirm this conclusion.
Conclusion
Our study stresses that an evolutionary perspective is critical in the study of freshwater salinization [44, 49] and underscores the importance of integrating evolutionary and ecological impacts. Although it is unknown if evolved tolerance to road salts is occurring in natural populations of zooplankton, our work shows that evolutionary responses have the potential to buffer Daphnia from exposure to road salts. As alternative salts like MgCl 2 and CaCl 2 become more popular in road deicing operations, it is possible that evolved tolerance could reduce the impacts of road salts on ecosystem services such as water clarity. Importantly, the evolutionary responses we have discovered here could be occurring in many other freshwater organisms with fast generation times. However, the scale and magnitude at which these evolutionary processes are occurring and operating is severely understudied in wild populations [44] . Identifying the ecological importance of evolutionary responses in a broader range of freshwater organisms would help our understanding of how rapid evolution and cross-tolerance can mitigate the impacts of salinization.
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